Abstract. Magneto-transport at low temperature has been employed to study a series of p-type Ino.,,Gaa.szAs/GaAs quantum wells with carrier concentrations in the range (1.5-4.3) x 10" cm-l. Thing the field from the growth direction does not change t h e relative magniludes of the spin-split conductivity minima. This is a remarkable effect, and confirms the recent results of Martin et alon an Ino.lsGao.ssSb/GaSb quantum well. Strain decoupling of the lMJl = $ and IM,I = i states projects the spin onto the growth direction. We find here that this effect occurs for the U -3 , 4 and U = 5, 6 and Y = 7, 8 spin-split condudivity minima The Shubnikov-de Haas oscillations in perpendicular field have been compared to t h e Landau levels calculated wilh an eight-band k. p model and this determines an upper limit to the value of K , , the spin-magnetic-field coupling parameter.
The presence of strain in quantum wells can completely change the nature of the valence band structure. In a recent paper Martin et ol [l] have shown that the valence band spin develops a two-dimensional character, while a number of authors have shown how the hole mass can be reduced by factors of up to four [2-51. These changes can be used to enhance potential device performance as discussed by OReilly [2] . Structures in which the well material is under compression in the interface plane have been most commonly studied, and in this case the 'heavy hole' J = ; , lMJl = ; band edge liesabove the 'light hole' J = ; , I M J I = 4 band edge, typically by -80 meV for a lattice mismatch of 1%.
This energy splitting is much larger than the Fermi energy in a p-doped system. The IMJI = ;
, f decoupling causes the effective mass for in-plane motion in the I MJ I = 2 states to become light 12-51, In addition the decoupling causes the 'heavy hole' spin to be projected along the growth direction such that MJ is a good quantum number independent of the orientation of an applied magnetic field. This was observed recently by Marlin er ol [l] on an In,,,,G;b,,Sb/GaSb ptype quantum well, showing that the valence band spin has a completely two-dimensional character. In this paper we report a low-tempemure magneto-transport study of a series ofp-typeIn,,,,Ga,,,As/GaAsquantum wells. By tiltingthe field with respect to the growth direction the novel spin behaviour is observed over a range of d e r concentrations ps and filling factors U (U = hp,/eB). The carrier concentration was controlled by the width of the doped layers on either side of the well. The lowest lowtemperature concentration of holes in the quantum well was ps = 1.5 x 10" cm-, (sample ME541) and the highest was ps = 4.2 x 10" cm-,. For samples ME541 and ME539, the two with the lowest doping, ps could be significantly increased by a persistent photoconductivity effect. The sample derails are listed in table 1. Mobilities were in the 5OLW 15 OOO cm2 (V s)-' range. Contacts were made by alloying Ifin (W 5% Zn) into the material, processed to either a van der Pauw or Hall bar geometry. Magneto-transport experiments were performed with fields either up to 9 T in a resistive magnet or up to 14.5 T in a superconducting magnet, and temperatures between 0.35 and 4.2 K. The sample could be rotated with respect to the field with a pumped 4He system, and so the rotation data were recorded at -1.5 K. Figure 1 shows magneto-transport data for sample ME539 (p. = 2.6 x loL1 cm-') and for sample ME540 (p. = 4.2 x IO': cm-') before illumination. Well resoived conductivity minima are observed for fields such that U is integral, the well known Shubnikov-de Haas effect. For low U the conductivity gets very close to zero over a wide field range. Note particularly the U = 1 minimum for ME539 which extends over a -4.8 T range. Corresponding behaviour is seen in the Hall voltage. Figure l shows clean quantum Hall plateaux at U = 2.3.4.6 and 8 and weaker features at U = 5 and 7 for ME540. Reliable Hall data could only be obtained from the Hall bar samples as problems with the contacts gave anomalous structure in the van der Pauw geometry. The Shubnikov4e Haas oscillations were very similar in both cases however. This is why the Hall data for sample ME539 is not shown in figure 1 as a van der Pauw geometry was used for this particular experiment. Even at 0.5 K the low-field oscillations are smeared out by kT broadening. At 0.35 K we could observe oscillations down to 0.27 T for sample ME540 which corresponds to filling factors up to U = 60. This illustrates the high quality of the samples. The quantum transport is quite similar in structure to that observed from n-type systems, and is noticeably simpler than that recorded from p-type GaAs/AI,Ga,-,As heterostructures [12,131. These experiments were carried out on p-type heterojunctions in which the situation is complicated by the much greater amount of heavy hole-light hole mixing and the lifting of the spin degeneracy in the subbmd dispersion even at zero field by the combined effect or the large spin-orbit interaction and lack of inversion symmetry. Ando 1141 has calculated theoretically the band structure of p-type GaAs/AI,Ga,-,As hcterojunctions and quantum wells. The reason for the relatively simple hehaviour observed here is that the valence band Landau levels are considerably simplified by the strain decoupling of the IM, I = !, $ states. These states otherwise interact strongly (via off-diagonal elements in the effective Hamiltonian) and give rise to very complicated Landau levels and hence complicated quantum transport.
The Landau levels in perpendicular field have been calculated to compare the valence band structure with our experimental results. We use an eight-band k . p Hamiltonian 2(c) ). This is clearly too large a spin splitting. The other extreme comes from taking K , = 1.2. the GaAs value. The Landau levels in this case (figure 2(a)) have a very small spin splitting. The actual K , lies somewhere between the two extremes, and we suggest that K , = 1.8 (figure 2(b)) is a reasonable upper limit if we interpret the experimental results in a one-particle way. However, the presence of the carriers will increase the spin splitting through the exchange enhancement. a many-body effect. This was first observed by Fang and Stiles U231 in Si n-type inversion layers, and has subsequently been studied in detail for both Si and GaAs systems l24. It is difficult to quantify the magnitude of this effect here.
Measurements of the exchange enhancement in n-type systems [24,251 can be made with the so-called 'coincidence method'. This technique depends on the two-dimensional nature of the orbital motion and the three-dimensional nature of the spin so that different spin-split Landau levels become degenerate as the sample is rotated with respect to the field. The main point of this paper is that the 'heavy hole' spin in strained quantum wells has two-dimensional character and so there are no such degeneracies on rotating the sample. In other words, rotating the field gives no extra information about themagnitudeof n,. Spin spliningscan also be measured from activation plots of the conductivity a,, [25] . We have not performed such experiments because of two complications. Firstly, the exchange interaction itself may increase with decreasing t e m p t u r e as the polarization The experimental results are shown in figure 3 for p, = 4.2 x 10" cm-' (sample ME540). The entire trace simply scales as cos 8. The angle as measured from the Shubnikovde Haas oscillations, assuming that p. is fixed and that the level degeneracy is determined only by the perpendicular component of field, agreed with the rotation gear setting to withiin the accuracy of the rotation gear. For the low-field minima where we do not resolve any spin splitting this behaviour is conventional for two-dimensional systems. However we also observe no 8 dependence of the magnitudes of the spin-split minima. The data for ME541 and ME539 are plotted in figure 4. In this case the magneto-resistance is plotfed against the perpendicular component of field showing how the form of the trace is independent of the tilt angle.
Specifically we have been able to study the U = 3,4 minima 362 forp, = 1.8, 2.6, 3.7and4.2 x 10"cm-' (ME541 illuminated, ME539 dark, ME539 illuminated and ME540 dark);
the Y = 5,6 minima for p8 = 3.7 and 4.2 x 10" cm-2 W S 3 9 illuminated and ME540 dark): and the U = 7,8 minima for ps = 4.2 x 10" cm-' (sample ME540), although the Y = 7 minimum is not completely resolved at 1.5 K. ?he amplitudes are independent of 8 to within our experimental uncertainty of -5%. The Y = 5,6 minima forp, = 4.2 x 10" cm-' provide an extreme example-at 8 = 64.9'. U = 5 appears at (Ell, B,) = (7.2 T, 3.4 T) and v = 6 appears at (EII, E,) = (6.1 T, 2.8 T). (Ell is the field in the (2, y) plane and EL is the field along the z axis. the growth direction.) We emphasize that tilting conventional n-type two-dimensional systems [23-251 gives very different rcsults. In the n-type case tilting the field irom 6 = 0 causes the Landau level spacing to follow cos 8 whereas the spin splining remains the same as it is determined by the total field; orbital motion is quantized in two dimensions, the spin is not. In this strained layer sample it would appear then that the spin is also quantized into a two-dimensional behaviour as well as the orbital motion. This is precisely the behaviour observedby Manin er al [ I] in the Ino, 15G;b,asSb/GaSb case. know that with raspect to the cyclotron mass the decoupled limit is not achieved in our samples. In fact the heavy h o l e light holedecoupling could not be increased very much in the In,Ga,-,AdGaAs system beyond thecasestudied here, because of critical thickness considerations. The non-zero E, and By add lerms to the Hamiltonian for E = (O,O,E,) . Firstly, the diagonal terms are altered, either through k, or the number operator (a a + 4) depending on the gauge. These terms give rise to a diamagnetic shift [271 and do not direclly contribute to a spin splitting. Secondly, new offdiagonal terms appear coupling the heavy hole and light hole states. The point is that the off-diagonal terms do not significantly alter the spin splitting over the range of B used here, and so the bands behave as though they are decoupled in the tilted field magneto-transpod experiment. At IB I = 9 T and 8 = 70' the E, component of field gives a spin splitting that is at least an order of magnitude larger than the contribution to the spin splitting from the Ell field estimated from secondorder perturbation theory [I] . Ulhately, the.off-diagonal terms will couple the lMJl = $, $ smtes, the spin splitting will depend on the field orientation, and the simplicity of the decoupled picture will be lost [281. To observe these effects one could study the present samples to much higher fields and at lower temperatures so that higher U spin-split conduc- tivity minima could be observed, or one could study samples in which the heavy holelight hole splitting is lower.
To conclude, we report the results of magneto-transport experiments on p-type strained In,,,,G~,,,AdGaAs quantum wells. Clear quantum transport is observed. In a tilted field the spin is shown to be aligned along the growth direction independent of the angle of tilt for our experimental extremes: B,/EII 5 2.8 and (EI, + B,,,) 
